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Introduction
To addresstheproblemofjuvenile woodquality, onemust
first addressthequestionsof how wood is formedand why a
treeproducesjuvenilewood.All wood is producedby the
cambium,a zoneof dividing cells situatedbetweenthewood
andthe innerbark. Cell division by thecambiumanddiffer-
entiationof thewood cellsproducedby thecambium are,in
turn, regulatedby physiologicalprocessesoriginatingin the
foliarorgansof the treecrown. Consequently,changesin the
characteristicswerecoenizeas woodquality areindirectly
controlledby the size,distribution,andefficiencyof the
foliar organs.Thisprocess,which treephysiologistsreferto
as crowncontrol, is the key to understandingthevariability
tn woodquality.

In pinespecies,suchas loblolly and othersouthernpines,
thebeginningof cambialactivity in the springcoincideswith
burstingof thewinter budsand new shootextension.The
breakingof winterdormancyis temperaturedependent,
althottghin verymoderateclimatesthe winterbudsmight
resumegrowth at any timeof yearif temperatureconditions
are favorable.Onceactivated,thecambiumproduces
springwood(earlywood)during theperiodof shootexten-
sionand new needleelongation.Thetransitionto summer-
wood(latewood)approximatelycoincideswith thecessation
ot~tenninalshootextensionand reductionof soil motsture.
Sumtnerwoodformation beginsat thebaseof the treeand
proceedsupwardin thenewgrowth ring. However,in rap-
tdly growingtrees,the transitionandits upwardprogression
canbedelayedbecauseof vigorousneedlegrowth.More-
over, in multiple flushingspecies,suchas loblolly pine.

eachnew tiush of growth producesnewspringwood.which
oftenoccursbeforesummerwoodhasbeeninitiated. There-
fore, the transitionfrom springwoodto’summerwoodwill
vary not only with environmentalconditions,particularly
soil moisture,butalsoat different height levels within the
treestem,

Springwoodand summerwoodcells (tracheidsin pines)are
easily identified in maturewood,but injuvenile wood,the
interveningtransitionzoneis oftenextremelydiffuse. The
transitionzonein juvenile wood consistsof cells with large
radialdiameterstypical of springwoodbut with secondary
walls of varying thicknessapproachingthoseof summer-
wood. Radial cell diameterandsecondarywall thickness
vary independently,and they are controlledby dit’ferent
physiologicalprocesseswithin thecrown. Cambialcell
division and radial cell expansionrespondto hormonal
signalsemanatingprimarily from thenew shootsandneedles
of the uppermostcrown. Secondatywall thickness,on the
otherhand,is dependenton the photosyntheticproductionof
the foliageon the olderbranchesof the mid to lowercrown.

The foregoinggeneralizationsare obviouslysubjectto nu-
merousinteractionstoo detailedto dwell on here.Wedo
havegood knowledgeasto how thefoliar organscontrol
wood formationon the stemand, if thestandhistory is
known.wecanexplainwith a high degreeof confidence
how wood qualitywas affectedby pastgrowth conditions.
Unfortunawly.however,becauseof the complexity of inter-
actingfactors,our confidencelevel for predictineeither
wood qualityvaluesor changesin thesevaluesis greatly
diminished.



In thefollowing sections,we definethemost important
woodquality characteristicsand describehow they are
affectedby externalgrowth conditions.We alsoexplain,to
thebestof our knowledge,the interactingeffectof these
growth conditionson treecrowndevelopmentandwood
formation.Emphasiswill beplacedon loblolly pinewith
occasionalreferencesto theothersouthernpinesandradiata
ptne.

Theobjectivesof this reportareto

briefly describehow a treegrowsand,in so doing,clarify
the relationshipbetweendevelopmentof thefoliageor-
gansin thetreecrownandtheformation andqualityof
wood producedin theStem(emphasiswill be on juvenile
wood characteristics),

2. demonstratehow externalgrowth conditions,both natu-
rally occurringandsilviculturally imposed,influencethe
aforementionedrelationship,

3. relatewoodquality characteristicsofjuvenilewood to
publishedvaluesof mechanicalstrength,

4. suggestwhatwood qualitychangesmight be anticipated
by varioussilviculturalandmanagementoptions,
basedon availableknowledge,and

5.suggestwhatwood quality changesmight beanticipated
by geneticimprovement,basedon availableknowledge.

Crown—Stem Relationship
A youngtreewith living branchesextendingalmostto
ground level is essentiallyall crown. Becauseof the strong
regulatoryinfluenceof thecrown, springwood-typecellsare
producedthroughoutmostof the growing season.In some
trees, the innermostgrowthrings consistexclusivelyof
springwood-typecells.Springwoodcellsareproduceddur-
tngtheperiodof terminal shootextension,and the transition
to summerwoodproductionapproximatelycoincideswith its
cessation.However, in the lowerstemsof y~oungtreesand
theuppercrownsof oldertrees,springwoodcell production
continueswhile the newly formedneedlesare elongating.

Thespringwood—summerwoodtransitionis a complex
growth phenomenon.Springwoodcellsarethin-walledand
largein radial diameterwith largelumens,whereassummer-
woodcellsarethick-walledandnarrow in radialdiameter
with narrow lumens.Although thesechangesin cell dimen-
sionsoccurconcomitantlyduring thetransitionfrom spring-
wood to summerwood,radial cell diameterandwall
thicknessareregulatedby entirelydifferentphysiological
processeshighly influencedby environmentalfactorssuch
assoil moisture.Whenactiveshootextensionis underway
during high soil moisture,a growth hormoneis produced
that promotesradialcell expansioncharacteristicof spring-
wood.Whensoil moistureis reducedandshootextension
ceases,hormoneproductiondiminishesandthe narrow-
diametercellscharacteristicof summerwoodbegin to form.

Cell wall thickening,on theotherhand,is regulatedby
photosyntheticprocessesoccurringin the foliageorgansof
thecrown. In theearlypartof theseason,thephotosynthates
producedby theolderneedlesarepredominantlyusedin
growth of the newly expandingshootandelongatingnee-
dIes. Thus,relatively little photosynthateis availablefor wall
formationof therapidly enlargingspringwoodcells.Later in
theseason,thephotosynthatesproducedby boththenewly
maturedneedlesand theolder needlesbecomeavailablefor
wood formation.It is atthis time thatwall thickeningtypical
of summerwoodoccurs(Larson1964,GordonandLarson
1970).

Becauseradial cell expansionand cell wall thickeningare
regulatedby different physiologicalprocesses,theycanand
do vary independently.It is this independencethat is respon-
sible for the “transition tracheid”characteristicof thegrowth
rings in juvenilewood.Transitiontracheidsareneither
springwoodnor summerwood.Theyconsistof large-
diametercells typical of springwoodwith walls of varying
thicknesstypical of summerwood.Transitiontracheidsoccur
in young,vigorouslygrowingtreeswith full crowns.The
vigorousgrowth ofthesetreesandtheshort, clearbole
lengthspermit large-diametercell productionto continue
until late in theseasonwhileexcessphotosynthatesare
simultaneouslyshuntedto cell wall formation.An extreme
exampleof this was observedby SchmidtandSmith(1961)
in slashpinegrowingin southernQueensland,Australia,
wheregrowingseasonsareexceptionallylong. Because
wood formationcontinuedalmostyear round,true summer-
wood formedfor a veryshort periodwhenterminal growth
was dormant.Springwoodformedduring theremainderof
theyear,but thecellswereessentiallyall transitiontracheids
dueto thecontinuous,high level of photosyntheticactivity.

As a treegrows in heightduring thesaplingand polestages,
its crownrecedesupwardandthelength of clearbolein-
creases.The increasein distancefrom theactiveterminal
shootcontributesto morereadilyrecognizablesummerwood
cellsas well asa wider summerwoodzonein eachsucces-
sivegrowth ring of the lowerstem. However,thecambium
within the crown, which remainsin closeproximity to the
activeshoot,continuesto producegrowth rings with wide
zonesof springwoodand transitionwood.With increasing
treeageand growth in height,the lower stembecomesfar-
therremovedfrom themostactivefoliar organsof the
crown. Consequently,springwoodandsummerwoodcells

becomemore sharplydifferentiatedandthe transitionzone

tTheterm transitiontracheidsrefersto the intermediatetype
cellsbetweentruespringwoodand summerwood.Theterm
transitionzonerefersto theactualcell boundarybetween
springwoodandsummerwood.Theterm transitionwood
refersto the annualrings producedafterthejuvenilewood
or crown-formedwood but beforethe rings havethe
propertiesof maturewood.
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moreabrupt.Thisprocessof growth ring maturity,which
beginsatthestembase,progressesupwardin thestemwith
eachnew incrementof growth.However,crown-formed
wood,which hascharacteristicssimilarto juvenilewood,
continuesto beproducedwithin theuppercrown. Thecon-
comitantupwardprogressionof maturewood andthe up-
wardregressionofjuvenilewood result in a core ofjuvenile
wood extendingthroughoutthebole. Althoughjuvenile
woodproducedby a young treeis not identicalto thecrown-
formedwoodproducedby an oldertree, they aresufficiently
similar in characteristicsto beconsideredidentical.

Thesouthernpineshaveinherentlyadaptedto takeadvan-
tageof the longgrowing seasonsandabundantmoistureof
theregionsin which theynaturallyoccur.This favorable
combinationcontributesnot only to rapidjuvenilegrowth
but alsoto themanyvagariesin wood formation and quality
associatedwith suchgrowth.Many pines,suchas loblolly
andslash,producemultiple flushesof growth during the
seasonthat are a responseto availablesoil moisture.A suc-
cessionof strongsecondor third flushesimmediately
following the first flush will producea renewedsurgeof
springwoodthat might extendto thestembase.In this case,
springwoodwould follow springwoodwith no intervening
summerwood.If, however,the secondflush or a laterflush
is weak,it might extendonly partway down thestem.In
this case,thecambiumrespondingto therenewedsurgeof
growth would producea partialgrowth sheathconsistingof
springwoodat upperstemlevelsthat gradesimperceptiblyto
summerwoodin thelower stem.Multiple growth flushesof
varying intensityareresponsiblefor theformationof false
growth rings that frequentlyoccurin juvenile wood. In older
trees, falserings are commonlyfound in the upperstembut
aregenerallyabsentatthestembase.As a contraryexample,
in extremelysuppressedtrees,eventhe first flush might be
incapableof producinga springwood-formingstimulus
sufficienttoreachthestembase.In this case,in someparts
of the lowerstem,summerwoodfollows summerwoodwith
no interveningspringwood(Larson1956, 1 957). ln severely
suppressedtrees,entiregrowthrings might beabsentatthe
stembasebut fully formedin theupperstem.

Whenoneexamineshow thecrownin its development
influenceswoodformation,it becomesclearhow changing
growth conditionscanaffectthis relationship.As we demon-
stratein latersectionsof this report, standconditionsand
silvicultural practicescanmarkedlyinfluencethequality of
wood by alteringthecrown—stemrelationship.

Juvenile Wood Defined
Juvenilewoodis commonlydefinedasthezoneof wood
extendingoutwardfrom thepith wherewoodcharacteristics
undergorapid andprogressivechangesin successivelyolder
growth rings.Olderwoodbeyondthejuvenile core hasbeen
referredto as maturewood,adultwood,andouterwood.
Juvenilewooddiffers from maturewood in that it hasa

lowerpercentageof summerwood,lowerspecific gravity,
shortertracheidswith larger fibril angles,and occasionally
disproportionateamountsof compressionwood,distorted
grain patterns,and pitch deposits.

Thetermjuvenilewood is an unfortunatemisnomer.True
juvenilewood is producedduring the first I to 3 yearsof
growth.Thereafter,similarbut not identical woodis pro-
ducedin thecentralcoreof woodat all height levelsin the
stem.Thiswoodhasbeenreferredto moreappropriatelyas
corewood. It hasalsobeenreferredto as crown-formed
wood becauseit is producedeitherwithin the living crown
or in proximity to physiologicalprocessesemanatingfrom
the living crown. Thetermjuvenile woodwill be usedin this
reportasa synonymforcore wood,pith-associatedwood,
and crown-formedwood.

As shown in subsequentsections,theextentofjuvenile
woodcanonly be definedby arbitrarycriteria. Outward
from thepith, identifiablewood characteristicsundergo
rapid andprogressivechangeswith increasinggrowth ring
age,but theratesof changearenot the samewithin a single
stemcrosssectionnor within crosssectionsfrom different
trees.Forexample,BendtsenandSenft(1986)estimatedthe
juvenile periodfor loblolly pine to be 12 yearsbasedon
valuesfor specific gravity,modulusof elasticity (MOE),
modulusofrupture(MOR), andcompressivestrengthof the
wood. However, tracheidlengthcontinuedto increaserap-
idly for 18 years,and fibril anglehad notyet attaineda
constantvalueat 30 years.

Paul (1957,1960)challengedthe conceptofjuvenile wood.
He arguedthatjuvenilewood,or corewood,wasnotneces-
sarily inherentto treegrowthbecausewood characteristics
of thesecentrallylocatedgrowth rings wereundersilvicul-
tural control.His argumentwasbasedon the factthat core
wood did not contributeto eitherlongitudinal shrinkageor
distortion in thesouthernpineswhenthegrowth rings were
narrow(1/8 to 1/10 in. (3.2 to 2.5mm)). On thecontrary,
both structuraldefectswereexcessivewhengrowth rings in
thecorewood werewide (>1/4 in. (6.4mm)). Paul’s argu-
ment is tempting,andit is supportedby numerousstudies.
However, as provenby somany otherstudies,slowgrowth
doesnoteliminatejuvenilewoodbut simply confinesit to a
smallercore,Both narrow-andwide-corewoodringsretain
theirjuvenile characteristicscomparedwith narrowand wide
maturerings,respectively.

Paul, however,did correctly interpretthe effectsof early
standcompetitionon thereductionof springwoodformation,
hencethe increasein summei-woodpercentagein thejuve-
nile growth rings. Earlystandcompetitionreducescrown
size andencouragesrapid upwardretreatof the live crown
both of which restrictspringwoodformation.Thissilvicul-
tural option is opento forestmanagersif theyarewilling to
sacrificevolume productionfor the morefavorablesmall
diameterof core-woodgrowth rings.
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Radial Extent and Occurrence
In thesouthernpines,radial extentof thejuvenilewoodzone
is most commonlybasedon visualestimatesof summerwood
percentage,although specificgravity valuesare sometimes
reliedon (HodgeandPurnell 1993).As a ruleof thumb,
McAlister andPowers(1992)judgedthetransitionto mature
wood to be thosegrowthrings that consistentlyattained50%
summerwood.However,in practicethey foundthat 15-year-
old loblolly pinesgrowing in seedorchardswith average
diameterat breastheight (DBH) of 10 to 16 in. (254 to
406.4mm) hadstill notattained50%summerwoodvalues.
Similar resultswereobtainedby Ying andothers(1994).

The transitionto maturewoodis gradualandthereforearbi-
trarily defined.In a studyof loblolly pines,Zobel and others
(1959)estimatedtheextentof thejuvenile zonesolelyon
visual appearance.The numberofjuvenile growth rings
basedon this methodvariedfrom treeto tree. In most trees,
thejuvenilezoneappearedto consistof thefirst eight rings,
but becauseof uncertainties,anothertwo rings of transition
wood wereaddedto theestimates.Twoto four ringsof
transitionwood arenow widely recognizedaspart of the
juvenile core,andtheten innermostgrowth rings, including
transitionwood,havegenerallybeenacceptedas thejuve-
nile zoneby most investigatorsof loblolly pine.

As notedin thedefinition, ajuvenile coreof wood is pro-
ducedat all height levelsin thestem.Zobel and others
(1959) foundthat thejuvenile corein nine 17-year-oldlob-
lolly pineswasalmostcylindrical. Corediameterdecreased
from 4.4 in. (111.8mm) at DBH to 3.4 in. (86.4mm) atthe
45-ft(13.7-in) level.Thejuvenile coreaveraged3.6 in.
(91.4mm)in diameterin a largersampleof 670 trees.The
amountofjuvenilewood in a loblolly pine treeon a volume
basisdecreasedfrom 85%at age ISto 55%at age25 and
then to 19%at age40 (Zobel andothers1972).That is, the
olderand larger thetree,the lower thevolume ofjuvenile
wood eventhoughthesizeof thejuvenile coreremains
unchanged.Obviously,all thesevalueswill vary according
to growing conditionsof the trees,but theydo providework-
ing estimates.According to Franklin (1987), variationsin the
amountof taperof thejuvenilecorewith heightin the tree
areinsufficient to materiallyaffect sawtimbervalues.

Despitethemany factorsthat cananddo influencethefor-
mationofjuvenilewood, its radial extentappearsto befairly
consistentand developmentallyconservative.Szymanskiand
Tauer(1991)examinedtheageof transitionfrom juvenileto
maturewood in 36 loblolly pineseedsourcesplantedin
Arkansas.Theseedsourcesoriginatedfrom throughoutthe
entirerangeof loblolly pine.Theiranalyseswerebasedon
wood specific gravity valuesof 2-yearring segmentssam-
pled outwardfrom the pith. Juvenilewoodextendedto age6
with a transitionperiodof rapidly increasingspecific gravity
from ages6 to 12 andmaturewoodbeyond.The meantran-
sition ageaveragedfor all 36 seedsourceswas12.61 years

with negligible variationamongseedsources.Thegenerally
recognizedtransitionageof 10 yearsfor loblolly pinethere-
fore appearsto be an acceptableaveragefor mostpurposes.

Characteristics of
Juvenile Wood
The woodof a southernpine treeconsistsof severalkinds of
anatomicalelements,only oneof which,the tracheid,will be
of concernin this report.Pinetracheids,sometimeserrone-
ouslyreferredto as fibers, servetwo primary functions—to
transportwaterandnutrientsfrom rootsto crownandto
strengthentissuefor supportof thecrown.Thetracheidsthat
perform thesefunctionsare structurallydifferent.Spring-
wood tracheidswith theirwide lumensand thin walls pro-
vide efficient transportpathwaysbetweentherootsand the
newly elongatingshootand needles.The later-formed
summerwoodtracheidswith their narrow lumensandthick
walls,on the otherhand,providestrengthto thenewgrowth
sheathandsupportfor theexpandingcrown. Thewidth of
thegrowth ring, therelativeproportionsof springwoodto
summerwood,andthe structureof the individual tracheids
within thegrowth ring areregulatedin variouswaysby the
foliageorgansof the crownandthevigor or healthof these
organs.Crown vigor, in turn, is entirely dependenton the
tree’sgrowth environment(temperature,soil moisture,nutri-
ents),age,andparentage.Therefore,to understandhow
wood is formedand how wood qualityvaries,onemust first
understandhow treesgrow.

Woodquality is anarbitrarytermthat appliesto certain
wood characteristicsthat canbe quantifiedandanalyzedand
then usedto evaluatea final woodproduct. In southern
pines,the most meaningfulwoodcharacteristicsareassoci-
atedwith the tracheidseitherindividually or collectively.
Althoughthesewood characteristicsareinterrelatedto valy-
ing degrees,they arediscussedseparatelysothat their rela-
tive importanceto thefinal productcanbe morereadily
evaluated.

Growth Ring Width
Growth ring width, oftenreportedasringsper inch of radial
growth, is an excellentmeasureof overalltreehealthand
growingconditions.Growthring width by itself, however,
providesno reliableevidenceof wood quality. Whensam-
pled at breastheight(4 ft (1.2 in)), ring width usuallyin-
creasesradially for an indefinitenumberof yearsbefore
either levelingoff or decreasing.Thispatternreflectsboth
growing conditionsandproximity to the living crown. In
vigoroustreesfreeof competition,wide rings will bepro-
duceduntil the living crownadvancesupwardbeyonda
critical level. In treesfrom closely spacedstandswhere
competitionis establishedearly, ring widthsare reduced
concomitantwith thedegreeofcompetition.Thus,the radial
extentof thejuvenilecorecannotbe estimatedon thebasis
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of ringwidth patterns.Treesfreedof competitionby early
andfrequentthinningsor whosegrowth is enhancedby
fertilizationandcultivation canmaintain wide growth rings
well beyondthegenerallyacceptedjuvenileperiod.On the
contrary,treessubjectto competitionearly in life might
exhibit narrow growth ring patternssuggestiveof mature
wood.

Irrespectiveof how treesare grown, ring width will eventu-
ally decline.As a treeincreasesin diameter,thewoodvol-
ume of eachannualincrementincreases.Forexample,a
1/2-in. (12.7-mm)ring at age3 producesfar lesscircumfer-
ential volumegrowththan a 1/2-in. (12.7-mm)ring at age
10. It is impossiblefor a treeto maintainextremelywide
growth rings throughout,or muchbeyond,thejuvenile
period. However,Burtonand Shoulders(I 974a,b)grew
loblolly pinesto sawlogsizesin 27 years.Theymaintained
growthat an averageof 3.6rings per inch (1.4 rings/cm)
by frequentthinning.

Although ring widths eventuallydeclineat breastheight,
they increaseat higher levelsin thestem.Forexample,if
ring numberten is followedupwardin thestem,its width
will increaseto a maximumand thengraduallydecreaseto
thestemtop. As a treeagesand the live crownadvances
upward,the level in thestemwherethemaximumring width
occursalso advancesupward.Thepoint of maximumring
width is oftenconsideredto bethebaseof the live crown.
However, this point is moretypically found at a slightly
higherlevel wheremorevigorousbranchescontributeto
stemgrowth.Thefactthat maximum ring width shifts pro-
gressivelyupwardaccountsfor changesin stemtaper,andas
shownin thesectionStemForm andTaper,stemtapercan
be alteredby changinggrowth conditions.Thus,growing
conditionsnotonly determinediametergrowth at thestem
basebutalso at higherlevels in thestem,andconsequently
they affect yield and qualityof the final product.

Obviously,growingconditionsdramaticallyinfluence
growth ring widths,and abruptchangesin theseconditions
cancontributeto nonuniform radial growth rates.Nonuni-
form growth ratesduring thejuvenileperiod, althoughnot
directly influencingwood quality, are nonethelessassociated
with otherwood characteristicsthat do contributeto the
quality of solid wood products.

Growth Ring Age
Theacceptedmethodof determininggrowth ring agein
wood quality investigationsis to count the numberof growth
rings outwardfrom the pith at the level of sampling in the
tree.Ring ageasdeterminedby this methodis not to be
contusedwith chronologicalagein which casethe first
~‘rowthring next to the pith would be theoldest.

In most wood quality investigations,ring agesarecounted
on incrementcoresor wooddisks takenat breastheight in

the tree.Suchdeterminationsdo notalwaysaccuratelyre-
flect the truephysiologicalageof thetree.Most loblolly and
slashplantation-growntreesare 3 to 4 yearsold beforea
growthring is discernibleat breastheight,andin naturally
establishedstands,the truephysiologicalageis oftenun-
known.Moreover,ring countsnearthepith areoftendiffi-
cult to identify in treesfrom standsof unknownagebecause
of falseand indistinctgrowth rings. Formostpurposes,the
physiologicalageat breastheight is perhapsof little orno
significancebut generallyis reliablein plantedstands.How-
ever,heritability estimatesandevaluationsof woodquality
characteristicshavebeenmadeon 2- to 3-year-oldseedling
andclonal material.Thequestionmustberaisedasto
whethersuchestimatesarerepresentativeof thegenerally
acceptedvaluesfor juvenile wood.

Ring agewithin thejuvenilecore of woodis a function of
annualheight increments.At a givenheight, for example,the
18-ft (5.5-in) level, a treeaveraging3 ft (0.9m) per yearof
annualheightgrowthwould showmoreannualgrowth rings
in thejuvenilecorethan oneaveragingonly 2 ft (0.6 m) per
year.Again, thephysiologicalagesof thegrowthrings
comprisingthe juvenilecoresof the two treesatthe 18-ft
(5.5-in) level would bedifferent.Woodquality characteris-
ticswithin thejuvenilecore undergoappreciabjechanges
with samplingheightin thestem,and someof this changeis
undoubtedlydueto physiologicalagesof the growth rings.

Growth Ring Uniformity
In wood quality investigations,uniformity refersto consis-
tency in thevalueof a wood characteristicwith increasing
growthring ageon a stemcrosssection.That is, thewood
characteristiceithermaintainsa stablepatternor a gradually
changingpatternwith no abruptdeviations.With regardto
juvenilewood,uniformity usuallyrefersto width of the
growth rings, theimplication beingthat a uniform growth
ring patternsignifies uniformity in theaccompanyingwood
characteristics.Nonuniformity of juvenilewood, on the
contrary,implies highly variablewoodcharacteristicsand
undesirablestructuralproperties.Forexample.this canresult
in “lathe chatter”(vibrational forceson a veneerlathe).
which increasessurfaceroughnessand decreasesgluability.

To achievegrowth ring uniformity, it is necessarythat a
uniform growth ratebe maintainednotonly during the juve-
nile periodbutalso during the juvenile—maturetransitionand
beyond.A uniform growth rate,however,doesnot mean
equalring widths in successivelyoldergrowth rings. It is
obviouslyimpossibleto maintainring width equality asa
treeincreasesbothcircumferentiallyandvolumetrically.
What uniformity doesmeanis that despitethe inherent
decreasein ring width with age.therateof growth estab-
lishedin the juvenile coreshouldbe maintainedto theextent
possible.Oneof themain objectivesof treebreedineis to
increasewood unifoimity (Zobel and others1983).



Authors of a numberof spacingstudieshavesuggestedhow
growth ring uniformity canbemaintainedthroughouta
rotation in thesouthernpines(Bassett1969,Burton and
ShouldersI 974a,b).In thecaseof rapidjuvenilegrowth,
ring uniformity requiresearlyand frequentthinning. The
alternativeis nonuniformwoodwhencompetitionintensifies
andgrowth ratedeclinesin unthinnedstands.Uniformity
achievedby judiciousthinningwill noteliminatetheunde-
sirablepropertiesofjuvenilewood.Thinningsimply mini-
mizesstructuralproblemsassociatedwith ajuvenile—mature
transitionexacerbatedby a nonuniformgrowthring pattern.

Someforestmanagershaverecommendedmanagement
systemsthat not only maintainuniformity butalso minimize
theeffectsofjuvenile wood.Underthesesystems,juvenile
growth would beminimizedby closeinitial spacingand this
growthratewould bemaintainedby frequent,light thinning.
Although this methodpresumablyshouldminimizejuvenile
wood, rotation length would beincreasedand volume of
productiondecreased.

Summerwood Percentage
Suminerwoodpercentageis themosteasily determined,
thereforethemostwidely used,woodqualitycharacteristic.
Becauseit is highly correlatedwith wood specificgravity
andprovidesa visualindex of strengthand structuralproper-
ties (Koch 1972),it is also an importantcomponentof lum-
ber andtimbergradingrules.

Juvenilewoodis inherentlylow in summerwood.As pointed
Out ~rt thesectionCharacteristicsof JuvenileWood, spring-
woodformation is favoredduring juvenile growth because
of thepredominatinginfluenceof thetreecrown. In fact, in
sometrees,thefirst severaljuvenilegrowth rings appearto
beall springwood(Biller 1954).In many othertrees,the
prevalenceof falsegrowth rings combinedwith a broad,
indistinctbandof transitiontracheidsmakeit impossibleto
distinguishspringwoodfrom suinmerwood.Consequently,
suininerwoodpercentagein the rapidly grownjuvenilewood
of southernpines is difficult and sometimesimpossibleto
quantify.Most researcherssimply makevisual estimates
basedon changesin apparentgrowth ring densityand color
changesin thewood(Zobel andothers1959).

The olderthegrowth ring relativeto the pith and thegreater
its distancefrom theactivecrown, themoredistinctthe
springwood—suminerwoodtransitionand the largerthe
percentageof summerwood.Beyondthe first severalgrowth
rings nearestthepith, summerwoodpercentageincreases
rapidly within thejuvenile core.Selectionof 10 yearsas the
arbitrarily definedjuvenileperiod for loblolly pine is based
on the assumptionthat maturesummerwoodvalueswill be
producedthereafter.Forexample,McAlister and Powers
(1992)considereda growthring with 500o summerwoodto
bea good ruleof thumbfor definingthe transition. How-
ever,loblolly pine in the northernportionof its rangemay

notproduce50%summerwoodat anyage.Thus,40%
summerwoodmight be abetterruleof thumbfor defining
thetransitionto maturewood.

Summerwoodpercentagein maturegrowth ringsvaries
widely with environmentalconditionsand silvicultural
practicesand,of course,with inherentgrowthpotential.
Variationsin suminerwoodpercentagesattributableto these
factorsarediscussedin the respectivesectionsofthis report.

Summerwoodpercentageis simply anindex of woodquality
that is moreappropriatelyevaluatedby otherwoodcharac-
teristics.Thepatternsof specific gravity variationdiscussed
in the following section,SpecificGravity, quiteaccurately
reflect similarpatternsof variationencounteredin summer-
woodpercentage.Specificgravity, in turn, is a fairly reliable
index of the combinedeffectof tracheidradialdiameterand
wall thickness.

Specific Gravity
Specificgravity is perhapstheoldestandmostwidely used
criterion for evaluatingqualityof woodandits strength
properties.Specificgravity itself is dimensionless.It is the
ratio of theweightof a woodsampleto theweightof a equal
volume of waterat a standardtemperature.Specificgravity
is usuallybasedon the ovendryweightandgreenvolume of
thewood sample.Although wood densityandbasicdensity
arederiveddifferently, thetermsareoften usedsynony-
mouslywith specificgravity. Becauseofthe utility of spe-
cific gravity as a predictorof thequality and strengthproper-
ties of wood,researchershavesearchedovertheyearsfor
somereadilydefinablerelationbetweenspecific gravity and
the growingconditionsof trees.

During the earlyyearsof researchon wood quality, begin-
ning about 1880, it waswidely believedthat slowly grown.
narrow-ringedwood of coniferswassuperiorin quality to
that of rapidly grown,wide-ringedwood. In treesfrom the
naturallyestablishedstandsprevalentat that time,most of
thewide rings occurredin the growth zonewe now referto
asjuvenilewood.Silviculturists thereforerecommended
plantingtreesat closespacingsfollowed by frequentstand
thinningto maintainuniform ring widths. Mostof this re-
searchwas basedon datafrom natural standsandclosely
spacedplantationsin northernEurope(Larson 1962),al-
thoughsimilar recommendationswere madefor thesouthern
pines in the United States(Paul 1930, 1932a,b).Despitethe
objectionsof some,theseideasprevaileduntil about 1950
whenresearchers,primarily in SouthAti~ica andAustralia,
beganexaminingfast-grownwoodfrom wide-spacedplanta-
tion trees.Resultsof this and later researchprovedthat
growth ring width, perse,was not a valid criterion for
evaluatingwood quality.The researchalso demonstrated
that closeinitial spacingof treessimply maskedthe effects
of juvenilewood by confining thesegrowth rings to a small
core of xvood near the pith wheretheir intluenceon struc-
tural propertieswasminimized.
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Table1—Variationin specificgravity of mer-
chantablewood with age

Specific gravitya

10 15 20 25 30 40
years years years years years years

0.385 0.409 0.425 0.438 0.449 0.466
aValues based on a regression equation based upon
100-tree sample

Numerousinvestigationsconductedon thesouthernpines
and otherPinus specieshaveconclusivelydemonstratedthat
wide growth rings arenot necessarilyassociatedwith a
reductionin woodspecificgravity. Summerwoodpercent-
age,which is highly correlatedwith specificgravity, in-
creasesradiallyoutwardfrom the pith, and within thejuve-
nile zone,the increaseis both progressiveandrapid. This
age-relatedpatternin summerwoodpercentageand specific
gravity is inherent,andit occursin both fast- andslow-
growntrees.A typical age-relatedspecific gravity patternfor
loblolly pine in the Piedmontof SouthCarolina,basedon
datafrom Zobel and others(1972),is shown in Table I.

Realisticaveragevaluesfor loblolly pine rangefrom 0.36 to
0.45 for juvenilewood and0.42 to 0.64 for maturewood
(Zobel 1972).In anotherstudyof morethan 2,000lobIolly
pines,Zobel andMcElwee(1958)obtainedaveragevalues
of 0.45 and 0.59for juvenileandmaturewood, respectively.
Similarspecific gravity valueshavebeenreportedby other
researchers.

Although theage-relatedpatternis inherent,it is not invari-
able. As shownlater in this report, it canbe modified by
environmentalconditionsandsilvicultural measuresthat
affectcrownsizeanddevelopment.In a similar way, the
lackof a correlationbetweenring width and specific gravity
requiresclarification.Growthrings of thesameagefrom the
pith butdiffering in width do notas a rulediffer appreciably
in specific gravity. However,whengrowth rings of ap-
proximatelyequalwidthsbut of widely differentagesare
compared,for example,fromjuvenileandmaturewood
zones,thespecific gravity ofthe olderrings will almost
alwaysbe greatestbecauseof the inherentradialincreasein
summerwoodpercentage.

Lack of a correlationbetweenring width and specificgravity
only applieswithin reasonablelimits of comparability.Ex-
tremelywide rings areoftenrich in springwoodandex-
tremelynarrowrings poor in summerwood.Consequently,
woodfrom treesthat hadgreatlydifferentjuvenilegrowth
ratesoftendiffer in specificgravity. Comparisonsof this
natureare illogical whenmakingmanagementdecisions.
Suchanerrorwassometimesunknowinglycommittedin
pastinvestigationsof the southernpineswhenjuvenilewood
from open-grown,old field treeswascomparedwith that
from close-grown,naturalstands(Paul 1929).

The relationshipbetweengrowth ring width and specific
gravity within thejuvenile zonecanberestated.Within a
ratherbroadrangeof ring widths, therateofjuvenilegrowth
shouldexerta negligibleeffect on woodspecific gravity and
can beignoredfor most endproducts.However,thisconclu-
sion doesnot meanthat wide-ringedjuvenilewood is com-
parablein quality with wide-ringedmaturewood.

With referenceto therelationshipbetweenring width and
specific gravity,the weakcorrelationbetweenthesetwo
variablesis due notonly to variationsin thepercentageof
summerwoodbut alsoto the greatdisparity in thespecific
gravitiesof springwoodandsummerwood.Forexample,
Ying andothers(1994)found thatsummerwoodpercentage
and wood specificgravity in loblolly pinesrapidly increased
from 15%and 0.39,respectively,at 1 yearold, to 53%and
0.51, respectively,at 10 yearsold. Consideringthe within-
ring variation, Paul (1958)reportedthat the specificgravity
of springwoodaveraged0.310,whereasthat of summerwood
averaged0.625 for 12- to 13-year-oldloblolly pinesaverag-
ing 3.7 rings perinch (1 .5 rings/cm).Thesevaluescompare
favorablywith thoseof Pew andKnechtges(1939),Goggans
(1964),Megraw(1985), and HodgeandPurnell(1993).
Goggansreportedspecific gravity valuesof 0.29and 0.63
forspringwoodandsummerwood,respectively,in an 8-year-
old Georgiaprogenytest.

The innermostgrowth rings nextto thepith havebeenfound
to be atypicalby someresearchers,andtheserings were
thereforedeletedfrom theiranalyses.That is, therings either
lackedrecognizablesummerwoodtracheidsor theyappeared
to possessotherunacceptablecharacteristicssuchastenden-
cies for compressionwoodor spiral grainformation,exces-
sive extractivecontents,or extremelyshort tracheidswith
highfibril angles.Theatypicalnatureof thesegrowth rings
is undoubtedlyattributableto physiologicalageasdiscussed
in the sectionGrowth Ring Age. Again, onemight question
heritabilityestimatesbasedon thefirst oneto severalgrowth
rings whentheir physiologicalageseitherhavenotbeen
accountedfor or areunknown.

Within the juvenilezone, specificgravity increasesrapidly
with increasingring age.Beyondthejuvenilezone,specific
gravity continuesto increasebutthe increaseis usuallymore
gradualbecauseof a moreconsistentpercentageof
summerwoodassociatedwith increasingring maturity.
Summerwoodpercentagesare not invariable,however,and
maturewoodspecific gravity valuescanthereforefluctuate
quite widely with seasonalweatherpatternsandchanging
standconditions.

Radial specificgravity patternsobservedat breastheightare
repeatedat different heightsin thestem.Although thepat-
ternsare similar, thevaluesdiffer becausetherings athigher
stemlevelsareboth physiologicallyolderand in closer
proximity to the living crown. A typical patternfor loblolly
pine,as reportedby PearsonandGilmore (1971),is shown
in Table2.
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Heartwood
Heartwoodformation,like extractivescontent,exertslittle or
no influenceon both thestrengthand physicalpropertiesof
solid wood products.However, thedepositionof minerals
and otherbiochemicalconstituentsassociatedwith thedeath
and dissolutionof ray cellsduring heartwoodformation can
significantlyaffect specific gravity values.Heartwoodde-
positsalso serveaspreservativesfor certainsolid wood
products.

Alcohol—benzeneextractionremovesmostheartwooddepos-
its alongwith theresins.However, in oldertreeswith sig-
nificant heartwoodformation,specific gravity valuesfor
rings in thejuvenile zoneoftenremainhigh evenafterex-
traction(Zobel andothers1959).Although thecauseis
unknown,thesehighervaluesare probablydueto residual
mineralsandotherinsolubleconstituents.

Flie timeof heartwoodinitiation variesamongthesouthern
ines. In slashpine, it might beginasearly as 8 years.
vhereasit might be delayeduntil age30 in loblolly pine
Zobeland Blair 1976).Zobel and others(1959)concluded
~atheartwoodin loblolly pinewasof little significance
uringa rotation ageof 25 to 45 years.Paul (1952)reported
at heartwoodis initiated earlier in weakor suppressedtrees
an in co-dominantor dominanttrees.Moreover,it canfirst
pearat an isolatedposition on a stemcrosssectionor at
rying height levels in the lowerstem.Once initiated,
artwoodformationgraduallyspreadsoutwardin rings of
juvenilecoreandbeyond.Thedenserthestockingand
werthegrowth,the largerthe inner coreof heartwood
tive to theoutersapwood.Consequently,rapidlygrown
s often retainwide sapwoodbandswell into maturity.
ed on analysisof incrementcoresfrom 577 loblolly and
longleafpine treessampledacrosstheSouth,Clark
4) alsoreportedthat the more rapid growing treescon-
.d a widerbandof sapwoodthan theslowergrowing

However,healso foundthat the fastergrowingtrees
e good sitescontaineda wider core of heartwoodat an
.r agethan theslowergrowing treeson thepoorersites.

rn Form and Taper
form generallyrelatesto straightnessof the stem.In
nse,defectsincludestemcrooks,bowing, and other
iities. Suchdefects,unlesssevere,havelittle effecton
toodquality characteristicsotherthanthe possibility
iced compressionwood. However,arty deviation in
raightnesswill affect notonly the total yield of solid
roductsbut alsothelengthsof straightboardscut
gs. In onestudy,separationof 165 loblolly pines into
ightnesscategoriesresultedin 500 morelumber

~‘ from straight treesthan from theaveragetreein the
ellison and others1985). Treestraightnessis orteof
~stqualitiesto improvegenetically,and estimated
24% havebeenattainedin one generation.

Anotherinterpretationof steinform involvesstemtaper.a
measureof thedegreeof cylindricity of a stein (Larson
1963).Lumberyield of stronglytaperedstemsis decreased
becauseof the diameterdifferencebetweenthe log bottom
andtop. StronglytaperedstemsalsoproduceshorterpolesoF
lesserquality.

Stemtaperis relatedto crownsizeand its distribution on the
stemand alsoto rateof growth. in general,rapidly growing
treeswith deep,full crownshavegreaterstemtaperthan
slowergrowingtreeswith high-settingcrowns.Thus,artifi-
cial pruning,whichreducescrown length,tendsto increase
cylindricity and decreasestemtaper.On the contrary,heavy
thinning or suddentreerelease,which retardsbranchdecline
and increasescrownsize, tendsto decreasecylindricity and
increasestemtaper.in theformer case,growthwould shift
upwardtowardthe newcrownbase,whereasin the latter
case,growthwould shift downwardin responseto renewed
crownvigor. Loblolly pinegrowing on a good siteand
expressingstrongheightgr&wth would undoubtedlyshow
minimal taperin the first log. Consequently,changesin stem
taperfollowing judiciousthinningshouldbe negligible.

Effects of Environment
Stand Density
Standdensityregulationis the most powerful tool available
to the silviculturist for controllingwood formationand
quality. Standdensityregulationis, in essence,a form of
crowncontrol, as mentionedin the Introduction.

In plantationmanagement.standdensityis determinedK
initial stockingdensity andthereafterby thefrequencyand
intensity of thinning, ifany. Initial stockingdensitiesare
managementdecisionswith importantconsequencesrelati\e
to both thequantityandqualityof the final product.Oncea
plantationis established,silvicultural practicescart modify
the initial stockinglevel in a desireddirection but they are
expensiveto employand of limited effectiveness.

The effect of stockinglevelson crown competitioncanbe
illustratedby contrastingthegrowth responseof lobI oIly
pinesat two widely different initial spacings.At a 12- by
12-ft (3.7- by 3.7-in)spacing,treecrownsdevelopunini-
pededto their full potential.Lack of competitionpermits
vigorous foliar developmentand theformationof large,
persistentlower-stembranches.Thesecrownattributes
continueuntil crownclosureeventuallycausesthelower
branchesto declineand then die fur lack of sunlight.Up to
this time, however,the large.vigorouscrownswill have
contributedto laree juvenilecoresof wide-ringed,knotty
wood that tapersupwardin thestem. Irrespectiveof how the
standis managedin lateryears.thesejuvenile core attributes
will persist.

The wide-ringedwood that formsin the juvenilecoreof
thesetreestypically hashigh proportionsof springwoodand



transitionwood,low specificgravity, shorttracheidswith
relatively largefibril angles,and in sometrees,abnormal
amountsof compressionwoodand extractives.Collectively,
thesewoodcharacteristicscontributeto substandardgrades
of solid woodproducts.

At theotherextreme,for example,a 4- by 4-ft (1 .2- by
I .2-in)spacingon a good site, noticeablecrowncompetition
might begin within a few yearsafterplanting. As competi-
tion intensifies,the lower, shadedbranchesdie and branch
senescencegraduallyadvancesupwardon the stem.These
dead,lower-stembranches,which aresmall in diameter,will
be confinedto a relativelysmalljuvenilecore.The small
juvenile core is the resultof thenarrow growth ringspro-
ducedby restrictedcrowndevelopmentnot thetendencyfor
closespacingto acceleratethe transitionto maturewood
formation.Theinfluenceof initial spacingon the dateof
transitionfromjuvenile to maturewood of loblolly pinewas
examinedat breastheightfor loblolly pine plantedat 6 by 6,
8by8, lOby l0,and I2by 12ft(l.8by l.8,2.4by2.4,
3.1 by 3.1, and 3.7by 3.7 in) in the PiedmontofGeorgiaand
slashpine plantedat 6 by 6,8 by 8, 10 by 10, and 15 by 15 ft
(l.8by l.8,2.4by2.4,3.lby3.l,and4.6by4.6m)inthe
CoastalPlainof Georgia(ClarkandSaucier1989).Results
showthat plantingdensitydoesnotsignificantly affectthe
ageof transitionfromjuvenile to maturewood butdoes
affectthe diameterof the juvenilecore.

The narrow-ringedwoodthat forms thejuvenilecoreof
loblolly pineplantedat closespacingtypically has a rela-
tively narrowbandof transitiontracheids.However,because
summerwoodformationis also restricted,thespecificgrav-
ity of thesenarrow ringsseldomdiffers from that of growth
ringsproducedat widerspacings.Yet, thesummerwood
tracheidsusuallywill be longerand fibril anglessmaller
comparedwith tracheidsin themuchwider growthrings.

The differencesin thewoodproducedat extremelywide and
narrowinitial spacingsis less a matterof qualitythan quan-
tity. As emphasizedpreviously,juvenilewoodqualitychar-
acteristicsareinherentto thespeciesexamined.They canbe
modifiedonly to a limited extent.Thus,~narrowspacing
simply confinesthejuvenilegrowthrings to a smallercentral
core.But,as wewill discusslater, it is thesize of thecore
that is importantduring conversionto a final product.Fot
example,Clark andothers(1994) found that loblolly pines
plantedat 6- by 6-ft (1 .8- by 1.8-in)spacingand thinnedto
100 ft2 (9.3 in2) basalareaat age18 yielded60% No. 2 and
betterlumberwhenharvestedat age38. A standplantedat
12- by 12-ft (3.7- by 3.7-in)spacing,thinnedto thesame
basalarea,yielded42%No. 2 andbetterlumber.The lumber
valuefor treesat thenarrowerspacingwasabout 10%
higherthan thoseat the widerspacing.

In mostspacingstudiesof loblolly pine,theclose-spaced
standshavebeenthinnedbecauseof theexcessiveper-tree
volume reductioncausedby carrying suchstandsthrough
a shortrotation.If thinning is not conductedon time,

nonuniformwoodand additionalwoodquality problemscan
develop.

Site
Sitequality, which causesvariationsin overall growth and
woodformation,is next in importanceto standdensity.Site
qualityvariesgreatlywithin a speciesrange,but in every
case,wood qualitycanbe relatedto thegrowth response.
That is, goodsiteswill producetreeswith wood quality
characteristicsassociatedwith fastgrowth and poorsites
with slowgrowth.Poorsitesareusuallythosewith either
nutrientdeficienciesorpoorsoil moistureconditions.Like
theeffectsof standdensity,which canbemodifiedby thin-
ning, theeffectsof sitecanbeamelioratedto someextentby
fertilization, irrigation,and drainage.

Mostcommercialplantationsare establishedon moderateto
good sites,and differencesin wood qualitydue to thesite are
in mostcasesinsignificant.This doesnotmean,however,
that sitedifferencesare inconsequential.Zobel andothers
(1960), for example,found highly significant sitedifferences
in all wood characteristicsstudiedin an extensiveinvestiga-
tion of loblolly pine.Lantzand Hofmann(1969)andZobel
and others(1972)also found that local site and environment
hada greatereffecton woodquality than thesourceof seed
in severalprogenytests.

Geographic Location
Geographiclocation refersto thedifferencesin treegrowth
and wood quality throughouta speciesrange.Geographic
locationdiffers from site. Sitedifferencesaredueto local
environmentaleffects,whereasgeographiclocation differ-
encesare dueprimarily to broadclimatic effects,although
edaphicand otherregionalfactorscannotbe ruled out.

Severalstudieshavedemonstrateda genera]trendfor wood
specific gravity valuesto decreasefrom southto north and
eastto westwithin the speciesrangeof loblolly pine.This
south—northtrend is particularlyevidentin standsin the
westernpart of therangeandalongtheAtlantic Coast,but it
is notpresentin thePiedmontregion. Theseregionaldiffer-
encesstronglycoincidewith seasonalrainfall patternsand
lengthof thegrowing season.Regionalclimatic influences
arepresumablyresponsiblefor thefinding of Clark and
Saucier(1989).Theyreportedthat theperiodofjuvenile
woodformationin loblolly andslashpinesincreasedfrom
6 yearsin theGulf CoastalPlainto 14 yearsin the Piedmont.

Juvenilewoodis apparentlyinfluencedto a lesserdegree
than maturewoodby geographiclocation of theplanting
site. Forexample,TalbertandJett(1981)concludedthat the
rangein specific gravity valuesfor loblolly pinejuvenile
woodwassmallerthanthat of maturewood,andgeographic
trendsin theformerwerenot evident.In an earlierstudy,
Zobel and others(1959)coulddetectno trendsin the spe-
cific gravity of corewooddueto geographiclocation.
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Effects of Silviculture
Thinning
Theeffect of standthinningon woodquality is variable.It
dependson initial stocking,treeage,timeof year,site, and
many othergrowingconditions.Themain purposeof thin-
ning at anyageis to enhancegrowth rateby promoting
crownexpansion.To maximizewood qualitycharacteristics
in a young stand,an optimal balancemust bestruckbetween
stemgrowth rateanda degreeof crownexpansionsufficient
to promotecompetitionandself-pruning.Thus,heavyor
frequentearly thinningswill promotelowerbranchgrowth,
delayself-pruning,increasestemtaper,increasethepropor-
tion of springwoodin thegrowth ring, increasethe tendency
for compressionwood formation,as well asothercharacter-
isticsassociatedwith rapidjuvenilegrowth.Light ordelayed
early thinningsof closelystockedstandswill produceessen-
tially oppositegrowthandwood quality responses.Fromthe
wood qualitystandpoint,someof theseresponsesarebenefi-
cial butat theexpenseof volumegrowth.

The responseto thinningsconductedatolderages,suchas
thepolestage,are lesspredictablebecauseof the many
interrelatedvariables.Thinning cannotrevivedecadent
lower-crownbranches,but it canrejuvenateliving branches
therebyincreasingtheir sizeand longevity. Most thinnings
tend to favor earlyseasoncrowndevelopment.Thus,as the
crownexpands,it not only promoteswidergrowthringsbut
alsotheproportionof springwoodandtransitiontracheidsin
thegrowth rings. In somesituations,thinning canalso favor
late-seasongrowthprocesses.That is, in additionto increas-
ing crown foliagemass,thinningcanalso increasefoliage
efficiency andextendthe seasonaldurationof wood forma-
tion. Theseconditionswould enhancesummerwoodproduc-
tion, and the growth rings producedafterthinning,although
wider, would not showanyappreciabledecreasein the
percentageof summerwoodor woodspecific gravity.
A good exampleof the latterconditionwould beclosely
stockedstandsin which reducedroot competitionalleviated
late-seasonsoil moisturestress(Bassett1 969, Smith 1968).
This,again,would be an indirect effectwith the greater
availability of waterpromotinglate-seasonfoliage
efficiency.

Thedurationof thinning responsedependson initial stock-
ing andstandconditions,intensity ofthinning,and response
of thetreesto thinning.Theresponseasmeasuredby en-
hancedgrowth ring widths canbeshort-lived,usuallylasting
for 2 or 3 years(Szymanskiand Tauer1991),butsometimes
longer. It will continueuntil eithercrownor root competi-
tion, whicheverbecomeslimiting, is reestablished.

In general,judiciousthinningscheduleshavea negligible
effect on wood specificgravity.The responseis usually
short-lived,anda reductionin summerwoodproductionfor a
few yearsis minimizedwhenaveragedacrossall rings in a

juvenilecore oracrossa rotation.Forexample,Burtonand
Shoulders(I 974a,b)demonstratedthat it waspossibleto
grow 18- to 20-in. (457.2-to 508-mm)diameterloblolly
pinesaveraging3 rings perinch (1.2rings/cm)by periodic
heavythinning.However,the treeshad large,persistent
branchesrequiringpruningto producemerchantablesaw-
logs. Althoughwood specific gravity at DBH averaged0.53
for all 27 growthrings, specificgravity for thejuvenilecore
waspresumablymuchbelowthis level. Severaladditional
examplesofthinning studieshavebeendescribedby
MeGraw (1986).

The benefitsof thinningin termsof growthpromotionare
manyandobvious.However,the negativeeffectsmust also
berecognizedand balancedagainstthepositive in keeping
with theproductobjective.

Pruning
Pruninginvolvestheartificial removalof branchesfrom a
tree. Deadbranchpruningsimulatesnaturalself-pruningby
removingdeadbranchesorbranchstubsthat would other-
wiseextendoutwardin the juvenilecore. Greenor live
branchpruning eliminatesbranchesthat would otherwise
continuegrowing.Their removalensuresa smallerknotsize
and a smallerknottycore.

The effectof greenpruning is to reducethecrownof an
open-growntreeto that of a simulatedstand-growncondi-
tion. Severegreenpruning,inwhich many lower-stem
branchesare removedat onetime,causespronouncedread-
justinentsin treegrowth.Becauseof thesmallerresidual
crown, height growth mightbe temporarilyreduced.Mean-
while the lowerbranchesat the newcrownbasebecome
largerandmorevigorous.Radial growth at thestembaseis
reducedin heavilyprunedtrees,and theheightlevel in the
stemat which maximumring width occursshifts upwardto
thenew crownbase.Concomitantwith thesechangesin ring
width, thepercentageof summerwoodandthespecificgrav-
ity valuesincreasein the lower stem.All theseresponsescan
beassociatedwith a smaller,less vigorouscrownand a long,
branch-freestem.Jn youngtrees,pruningtendsto accelerate
the transitionfromjuvenileto maturewoodcharacteristicsin
growth rings belowthe newcrownbase.In manyrespects,
thegrowthresponsesafterpruning areoppositethosecaused
by standthinning.But, as in thinning, theeffectsare usually
short-lived.Dependingon the degreeof live branchremoval,
thegrowthpatternreturnsto normal within a few years.

Theaforementionedgrowth responsesare typical of what
might beanticipatedwith moderateto severegreenpruning.
Light greenpruning might elicit eithera negligible or insig-
nificant response.Greenpruningis labor-intensiveand
relatively costly,althoughit isroutinely performedin the
fast-growingpineplantationsof NewZealandandSouth
Africa and in someloblolly pine plantationsin the southern
United States.
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The benefitsof greenpruning areto producelower-stem
boltsor logswith small. tight knotsandshort branch-free
stubsconfinedto a small knotty core.Ancillary benefitsare
reducedstemtaperand increasedpercentageof summer-
woodandspecific gravity in the lowerstem,dependingon
the groxvth response.In additionto economicconsiderations,
anothernegativeeffect of pruningis the increasedgrowth of
branchesat the newcrownbase,which oftendrastically
reducesthegradeof the lumberfrom upperlogs.

Fertilization
The purposeof fertilization is to increasetreegrowth by
artificially supplyingoneor more mineralnutrientsthat are
limiting to growth in thenatural environment.In onesense.
fertilization providesa temporaryboostin sitequality.

It is difficult to generalizeregardingtheeffectof fertilization
on woodquality becauseof the largenumberof influencing
variablesandthe fact that no two studieswereconducted
undersimilarconditions.Generalstatementscanbemade,
however,as to the anticipatedgrowth responsesof treestein
and crown. The effectsof fertilization are somewhatakin to
thoseobservedafterthinning. If heightgrowth andoverall
crowndevelopmentarepromoted,increasedwoodgrowth
will usuallybeaccompaniedby a increasein springwood
and transitiontracheid formation,hencea decreasein
summerwoodpercentageand specific gravity. If, on the
otherhand,foliagemassandphotosyntheticefficiencyare
promotedor the durationof seasonalgrowth prolonged,then
the percentageof summerwoodmight be maintaineddespite
the increasein growth ring width. Undersomecircum-
stances,increasedphotosyntheticefficiencycansignificantly
increasecell wall thicknessof thesummerwoodtracheids.

Treeageat the time of fertilizerapplicationapparentlyhasa
pronouncedeffect on the natureof theresponse.Fertilization
eitherat thetimeof plantingor during the first few yearsof
growth, especiallyif combinedwith cultivation, increases
both heightgrowth andcrowndevelopment.Decreasesin
summerwoodpercentageandspecificgravity usuallyac-
companythesegrowth responses.In oldertrees,particularly
beyondthejuvenilestage,theresponseis less dramatic.
Althougha modestdecreasein thepercentageof summer-
wood oftenoccursduring thefirst few yearsafterfertiliza-
tion, it is usuallyshort-lived.A curveof summerwoodper-
centagecomparedwith agewill thereforeshow a several-
yeardeclinefollowed by a returnto normal values.This
temporarydeclinein summerwoodpercentagehasanegligi-
ble effect on specific gravity. In fact, most studiesconducted
on southernpinesgrowing on reasonablygood sitesindicate
that summerwoodpercentageandwoodspecific gravity are
not adverselyaffected by site fertilization (MeGraw1986,
Blancheand others 1992,Jokelaand Stearns-Smith1993).
It. however,fertilizer treatmentsareeitherheavyor fre-
quently repeated,as in Posey’s(1964)studieson loblolly
pine,then significant reductionscanoccurin both summer-

wood percentageandspecificgravity.Thesevaluesreturnto
normal graduallyovera periodof years.Posey(1964)and
Rockwoodand,others(1985)notedtreeto treevariation,
suggestinga geneticresponseto fertilization.

Irrigation and Drainage
Thegrowth responsesdueto irrigation are similar to those
broughtaboutby fertilization. That is, theresponsedepends
on the timeof year in which wateris artificially applied.
Consequently,early-seasonirrigation will favor height
growth and overall crowndevelopment,which promotes
springwoodformation,whereaslate-seasonirrigation will
prolongseasonalcambialactivity, which promotessummer-
wood formation.In most irrigation studies,water is supplied
throughoutthe growingseasonresulting in greatergrowth
andwider growth rings. Becausebothspringwoodand
summerwoodformation arepromotedunderthis irrigation
schedule,theeffecton woodspecific gravity is usually
negligible.

In practice,watermight morerealisticallybe suppliedwhen
needed.Becausesoil moistureis most commonlylimiting
during late-seasongrowth,irrigation at this time of year
would promotesummerwoodformationandincreasespe-
cific gravity.

cultivation
Cultivation involvestheremovalof competitionby herba-
ceousweeds,grasses,and woodyundergrowth.In newly
plantedstands,cultivationremovesplantsthat notonly
overtopand~smother”small seedlingsbut alsocompetefor
soil moistureand nutrients.Cultivation is oftencontinuedin
young saplingstandsas a growth enhancementpractice.

Schmidtling(1973) reportedthat cultivation of a loblolly
pine plantationduring thefirst 3 years of growth resultedin
a 6-ft (1 .9-in) growth advantagecomparedwith uncultivated
controlsby the 9thyear.In additionto a muchgreater
growth rateby treesin thecultivatedstand,thesizedistribu-
tion amongtreeswas moreuniform. Despitethe increasein
growthrate,specific gravity valueswerenot appreciablyless
than that of uncultivatedcontrols.Again, oneof theantici-
patedeffectsof cultivation is to prolong summerwoodfor-
mationby increasingthe late-seasonavailability of soil
moisture.

Clark and others(1991)examinedtheeffect of cultivation
on wood formationof slashpinewhengrowingon moder-
atelywell-drainedand poorly drainedsoils in the lower
CoastalPlainof Georgia.On studyplots that receivedno
cultivation, the lengthof juvenility was8 yearson boththe
moderatelywell-drainedand poorly drainedsites.On inten-
sivelycultivatedplots,juvenilewoodwasproduced2 years
longeron moderatelywell-drainedsoil than on poorly
drainedsoil. However,the specificgravity ofthe juvenile
woodfrom the treeson thecultivated.moderately
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well-drainedsitewas6% higherthan that of thetreeson the
control sitesorpoorly drainedcultivatedsites

Mechanical and Strength
Properties
Shrinkage
Longitudinalshrinkageis thedefectmost frequentlyassoci-
atedwith juvenilewood.Although woodsometimesexpands
during the earlystagesof drying,most woodshrinkslongi-
tudinally to somedegreeasmoistureis removedfrom within
thecellsandcellularmatrix. If compressionwood is present,
longitudinal shrinkagewill begreatlyaccentuated(Harris
1977).Differential shrinkagealsocontributesto warp, which
compoundsthe effectof thedefect(Beardand others1993).

Shrinkageofjuvenilewood is closely correlatedwith spe-
cific gravity.The lower the specific gravity, thegreaterthe
longitudinal shrinkage,and thehigherthespecificgravity,
thegreatertheradial,tangential,and volumetric shrinkage
(Yao 1969).Low densityspringwoodshrinksto a far greater
degreethanhigh densitysummerwoodin juvenilewood.
The lowerdensityof thespringwoodcanbeattributedto
shortertracheidswith largerradialdiametersand thinner
walls. As moistureis removedfrom theintersticesbetween
microfibrils and finally from within thecellulosematrix,

anisotropicshrinkageprogressivelyincreases.Fibril angle,
in turn, is negativelycorrelatedwith both tracheidlength and
wall thickness.MeAlisterand Clark (1992)havepointedout
that thereis no single,easily measurablepropertyrelatedto
longitudinal shrinkage.Similarly, Beardandothers(1993)
concludedthat thereare no readilyobservablegrowth char-
acteristicsto identify lumber with aproclivity to warp. How-
ever,availableevidencesuggeststhat shrinkagemight be
mostclosely relatedto fibril angle(Ying and others1994).

MOR and MOE
Modulusof rupture(MOR) andmodulusof elasticity(MOE)
aremechanicalpropertiesof woodthatarehighly correlated
with specific gravity. Both propertiesarethereforestrongly
influencedby theagepatternsof specific gravity typically
found in thejuvenile core.The relatively few studiesthat
havecomparedthe strengthpropertiesofjuvenile and ma-
turewoodhaveconsistentlyshown lower valuesforjuvenile
wood.Datafrom a studyby PearsonandRoss(1984)based
on wood from a 15-year-oldloblolly pineprogenytest(six
4-ft (1.2-in) logs) and a 25-year-oldcommercialplantation
(three4-ft (1.2-in) logs) aregiven in Table6.

Datafrom anotherstudyby Bentdsenand Senft(1986)based
on a 30-year-oldloblolly pine plantation(six 6-ft (I .8-in)
logs) aregiven in Table7.

Table6—Averagevalueof specific gravity, modulus of elasticity (MOE), and modulus of rupture (MOR) at
averagenumberof rings from pith for two differentagetrees

2a
Number of rings Specific gravity MOE (x10

6 lb/in2)a MOR (lb/in
from pith 25-yr-old tree 15-yr-old tree 25-yr-old tree 15-yr-old tree 25-yr-old tree 15-yr-old tree

0+ 0.4 0.38 0.88 0.64
2+ 0.43 0.39 1.31 1.04
5-i- 0.47 0.44 1.53 1.36

10-i- 0.5 0.517 2.08 1.64

9,080
10,600
13,100
16,700

7,260
8,980

11,400
13,900

a1 lb/in2 = 6.9 kPa.

Table7—Averagepropertiesby agefor loblolly pine

Maximum
Specific MOB MOE crush Tracheid

2a
Age (years) gravity (lb/in ) (x106 lbIin2)a (lb/in2)a length (mm)

Fibril angle
(deg)

Ring width
b

(in.)
1 0.412 4,200 0.289 2,020 1.57
2 0.384 4,240 0.294 1,880 1.73
3 0.400 3,800 0.293 1,620 1.95
4 0.400 4,400 0.349 1,730 2.14
5 0.436 5,470 0.498 2,160 2.37
6 0.423 5,490 0.514 2,100 2.53
7 0.467 6,470 0.642 2,550 2.68
8 0.502 6,848 0.710 2,960 2.82
9 0.514 8,160 0.904 3,190 3.03

10 0.531 9,820 1.120 3,430 3.16
15 0.582 11,570 1.541 4,140 3.51

36.5
39.0
39.3
37.0
31.0
33.7
33.2
29.5
24.5
27.3
22.0

0.394
0.508
0.360
0.367
0.348
0.312
0.260
0.223
0.181
0.164
0.138

a
al lb/in = 6.9 kPa.
b

1 in. = 25.4 mm.
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In the latterstudy, therewasa fivefold increasein the aver-
ageMOE (0.3 to 1.6 xl ~6 lb/in2 (2.1 to 11 GPa))andabout a
threefold increasein MOR (4,000to 12,000lb/in2 (27.6to
82.7 MPa)) from earlyjuvenilewood to latematurewood
(23+years).Pearson(1988)foundthat maximumcrushing
strengthandMOE of clearloblolly pine nominal2-by 4-in.
(standard38- by 89-mm) lumber(2 by 4’s) cut fromjuvenile
wood,on average,wereonly 52%and37%,respectively,of
thecorrespondingmeansfor maturewood.To appreciatethe
significanceof thesedifferencesin bothwood qualitychar-
acteristicsandphysicalproperties,imaginea 6-in. (15.2-cm)
radially cut boardextendinginwardto thepith. Evenat a
growthrateof 3 ringsperinch (1.2rings/cm),sucha board
would encompass18 growth rings.

Although thesedataarerevealing,it mustberecognizedthat
thesamplingbasein all suchstudiesis small and rarelyare
comparisonsmadefor juvenileandmaturewood obtained
from thesametree.Moreover,in relativelyfew studiesdid
theauthorsrelatestrengthpropertiesto woodcharacteristics
otherthanspecific gravity. Yet, availabledatasuggestthat
thedifferencesin strengthpropertiesbetweenjuvenileand
maturewoodcannotbe accountedforsolelyby differences
in specific gravity (Bendtsen1978).Theactualvolume of
springwoodandthe largefibril anglesof thespringwood
tracheidsin theearlyjuvenilegrowth ringsmight be far
moreimportantthan previouslyrealized.In supportof this
suggestion,CaveandWalker(1994)concludedthat fibril
anglewastheonly factor that alonecouldaccountfor the
pronounceddecreasein stiffness(MOE) of radiatapine
wood.

TensileStrength
Tensilestrengthofjuvenilewoodhasbeenof increasing
concernin recentyearsbecauseof its effect whenusedin
laminatedbeamsandfingerjoints in lumber.ln the latter
case,fingerjoints in nominal2- by 6-in. (standard38- by
140-mm)lumbercontainingjuvenilewoodfrom southern
pineswere34%lower in tensilestrengththanthosewithout
juvenile wood(Moody 1970).Tensilestrengthvaluesof
2 by 4’s composedentirelyof lobIolly pinejuvenilewood
werefrom 45% to 59%,dependingon lumbergrade,of
thosecomposedentirely of maturewood (Kretschmannand
Bendtsen1992).As in thecaseof otherstrengthproperties,
the largefibril anglesofjuvenile woodtracheidsappearto
strongly influencethetensilestrengthvalues.

ShearParallelto Grainand
compressionandTension
Perpendicular to Grain
Most information developedonjuvenile woodto datehas
concentratedon ultimatetensilestress,MOR, andMOE.
Little work hasbeendonelooking at theeffectofjuvenile
woodcontenton lessimportantproperties.In onestudy,the
effectof ring orientationandpercentageofjuvenilewood

wasinvestigatedon shearparallelto grain andcompression
and tensionperpendicularto g#ainstrength(D.E. Kretsch-
mann,unpublishedreport).Thedataindicatethat theaver-
ageof all threepropertiesdecreasedwith increasingamounts
ofjuvenilewood in the crosssection.Shearstrengthwas
insensitiveto annualring orientationandfollowed theex-
pectedshearstrengthdensityrelationship.Compressionand
tensionperpendicularto grainstrengthwasverysensitiveto
annualring orientation.Also, tensionandcompression
perpendicularto grain, with loadsappliedto theradial face,
weremoresensitiveto changesin juvenilewoodcontent
thanexpected.

Conclusion
Two main conclusionscanbe drawnfrom a reviewof the
extensiveliteratureonjuvenile woodandwoodquality
characteristicsin loblolly pineandrelatedspecies:

1. Wood formationand theinterrelationsamongvarious
wood qualitycharacteristicsareexceedinglycomplex.

2.Theexisting literatureprovidesfew identifiableclues
as to how to dealwith this complexity.

Discussion
Weconsiderthesecondconclusionfirst. Theliteratureon
juvenilewood,althoughextensiveandfilled with valuable
informationanddata,hasneverbeensynthesizedfrom the
standpointof solid woodproductsandstructuralwood-based
composites.That is, eachpublishedreportfocusedon a
particularobjectiveandaddressedanisolatedpartof the
juvenile woodproblem.In addition, thevariablesin the
studies,suchas treegrowthandstandconditions,differed
so widely that few datayieldedvalid comparisons.

Most investigationsprovidedaveragevaluesfor the selected
characteristicsbasedon eitherseveral to manygrowth rings
or theentirejuvenilecore.Averagevaluesareperhapsle-
gitimatefor analyzingwoodquality characteristicsfor pulp-
wood,and pulpwoodhasbeenthemainobjectiveofjuvenile
woodresearchoverthe years.Whenpulped,juvenilewood
hasgood paperpropertiesexceptfor significantlylow tear
strengthbecauseof shorttracheids.Whenjuvenile woodis
processedin themill, it is mixedwith maturewood andthe
low tearpropertiesbecomelesscritical. That is, woodqual-
ity is averagedout.

Averagevaluesfor juvenilewood characteristicsareessen-
tially meaninglessfor solid woodproductsandstructural
wood-basedcomposites.Forexample,summerwoodper-
centageandwoodspecificgravity areoftenusedto define
thesizeof thejuvenilecore.Yet, the averagespecific gravity
of a boardcontainingwide juvenilegrowth ringsprovides
little or no information as to how theboardwill respondto
drying. A boardcut throughthejuvenile coremight havea
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perfectlyacceptableaveragespecificgravity,butwithin that
board,one to severalsubstandardgrowthringswould be
sufficient to causeunacceptableshrinkageor warp. That is,
individual boardsdo not shrink on thebasisof average
valuesbut only on thecharacteristicsof theannualrings that
comprisethem.Although presentgradingrulesbasedon
growth ring width andsummerwoodpercentagewould
perhapsdowngradesuchboards,the rulesare admittedly
subjective.Themain pointof this discussionis not to criti-
cize gradingrules. Rather,it is to emphasizethat average
juvenilewood qualitycharacteristicsderivedfrom investiga-
tions with pulpwoodasan objectivearenot directlyapplica-
ble to solid woodproducts.

Forthesamereasonscited above,wemight argueagainsta
juvenilewoodzoneof 10-yeardurationbecauseit hasbeen
reportedto varywith geographiclocation.Again,this value
wasestablishedfor pulpwoodand it, too, is basedon an
averagetree,growingin an averagestand,on an averagesite
for loblolly pine.Criteriafor identifyinga juvenilecore are
neededthat aremoreappropriatefor solid woodproducts.
However,sincewedo notat presenthavesucha model,we
will continueto referto the 10-yearjuvenilecore in this
discussion.

Juvenilewood quality is indeedexceedinglycomplex.In the
main body of this report,wehavebriefly summarizedhow
juvenilewood is formed, the importantwood characteristics
associatedwith juvenilewood,and how thesewoodcharac-
teristicsvary with environmentalconditionsand silvicultural
practices.Like all previousreportson thesubject,this re-
view providesfew cluesas to how to dealwith thiscomplex-
ity. Admittedly, thereis no simplesolution to theproblems
confrontingtheutilization ofjuvenilewood,but it is possi-
ble to narrow thescopeof the problemand confinethe
extentof futureinvestigations.

We know whatcharacteristicsofjuvenile wood contributeto
undesirablesolid woodproperties.Aboveall arethe inherent
changesin wood characteristicsthat occurwith increasing
growth ring agewithin thejuvenilecore.Thesechangesare
greatlyaccentuatedin theextremelywide growthrings
found in rapidlygrown plantationtrees.Widejuvenile
growth ringshaverelatively low summerwoodpercentages
and low woodspecific gravity valuescomparedwith those
of maturewood.However,bothsummerwoodpercentage
and specificgravity are simply indices that reflectanatomi-
cal differencesof the individual tracheidssuchas radial
diameterandwall thickness.Althoughtheseindicesprovide
valuablerulesof thumb, forexample,gradingrules,the
indicesby themselvesdo not providean answerto thejuve-
nile woodproblem.

Wealso know that within a growth ring, springwooddiffers
greatlyfrom summerwood.In juvenilewoodof loblolly
pine,springwoodspecific gravity averagesabout0.29 and
that of summerwoodabout0.63.Again, thesedifferencesare

dueto thelargerradialdiametersand thinnerwalls of the
springwoodtracheidsrelativeto thoseof summerwood.The
specific gravity ofjuvenilespringwoodis notsignificantly
differentfrom that of maturespringwood,bothof which fall
within the rangeof 0.29 to 0.40. However, the specific
gravity ofjuvenile summerwoodis significantlydifferent
from that ofmaturesummerwood,which might rangefrom
0.65to 0.85 (Koch 1972).Onemight thereforeconcludethat
efforts shouldbemadeto increasejuvenilesummerwood
specificgravity. However,summerwoodwith a specific
gravity of 0.50to 0.55 orhigherdoesnot shrink orwarp
excessively.In fact,growthrings consistingentirelyof
juvenilesummerwoodwould undoubtedlybeacceptable
from the strengthstandpointfor mostsolid woodproducts.

On the basisof the foregoinganalysis,onemight arguethat
a highproportionof springwoodis the majorproblemin
juvenilewood.Wide juvenilegrowthrings that containa
high proportionof springwoodandtransitiontracheidshave
springwoodtracheidsthat areshorterwith largerfibril an-
glesthan summerwoodtracheidsand havelargerradial
diametersandthinnercell walls. It would appearthat a high
proportionofjuvenile springwoodis thecharacteristicof
greatestimpact,which is morespecificallythethicknessof
the walls andthe fibril anglesof thetracheidsthat comprise
the springwood.

Two possibilitiesexistfor rectifyingthis imbalancebetween
juvenile springwoodandsummerwood:silvicultural and
geneticpractices.

A first step in an evaluationprogramwould beto establish
meaningfulparametersfor juvenilewoodcharacteristicsand
physicalpropertiesapplicableto solid woodproducts.A
suggestedprocedurewould be to analyzeindividual growth
rings throughoutthestemof plantedloblolly pinegrowing
undera wide rangeof silvicultural practicesacrosstheceo-
graphicrangeof the species.Minimal datato be obtained
from eachgrowth ring would be ring width, springwood
specific gravity,summerwoodspecificgravity, summerwood
percentage,springwoodand summerwoodtracheidradial
diameters,tracheidlengths,doublewall thickness,and fibril
angles.Additional datamight includespringwoodand
summerwoodMOE and longitudinalshrinkagewherefeasi-
ble on small samples.

Fromthesedata, it shouldbepossibleto estimateatwhat
agesphysicalpropertiesattainacceptablevaluesfor different
growth ring widths. It shouldalso bepossibleto determine
which woodcharacteristics,aloneor in combination,con-
tribute most stronglyto the physicalpropertiesofjuvenile
woodand which characteristicsmight besusceptibleto
geneticimprovement.

With theabovedatabase,if basedon a sufficiently largeand
diversesample,it shouldbe possibleto developmodelsfor
predictingring widths,specific gravity, tracheidlengths,
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microfibrillar angleof springwoodandsummerwood,and
ring MOE basedon ring age,heightin stem,geographic
location,siteproductivity, andsilviculturalpractice.These
modelswould thenbeusedto determinethewoodproperties
for specific silvicultural practicesappliedto specificsitesin
variousgeographicregionsof the South.Knowing the wood
propertieswould facilitateprocessingof timber into its
optimum productapplication.

To testfor theeffectof growth rateon physicalproperties,
analysescouldbeconfinedtojuvenilegrowthring numbers
four througheight.The rational is as follows. The first three
ringsare truly juvenile,with wood qualitycharacteristics
well belowacceptablevalues.Any improvementof rings
four througheightmight also,butnot necessarily,benefit
theserings.Any improvementin wood qualitycharacteris-
tics of rings four througheight would naturallybenefitrings
nine andolderbecauseof the inherentincreasein wood
qualitycharacteristicswith age.Confining analysesto rings
four througheightwould notonly simplify samplingbut also
minimizeany effect of averaging.

This exerciseshouldprovide informationas to whetheror
not, and to whatextent,wood qualitycharacteristicsand
physicalpropertiescanbemodified by silvicultural practices
that, in turn, modify growthrate. It would provide informa-
tion notnow available,suchas whethera reductionin juve-
nile ring width would reducespringwoodpercentage,and if
so, whetherit would result in an improvementin physical
woodproperties.This exercisewould notprovide informa-
tion asto thepracticaland economicfeasibility of silvicul-
tural controlofjuvenilewood formation.

Anotherpossibility for usingtheforegoingdatabaseand
prediction modelsis manipulatingthegrowth rateof geneti-
cally improvedtreesby silviculturalpracticessuchas stand
densitycontrol.For example,modifying growthrateby
standdensityalonemightbe uneconomicalbecauseof re-
ducedvolumeproduction.However,the combinationof
geneticallyimprovedtreesandjudiciousstanddensityregu-
lation might result in higherphysicalpropertiesthat would
oft~setany reductionin volume growth.

A secondsuggestionthat might warrantconsiderationrelates
to siteand geographiclocation.We k0o~v that wood specific
gravity of loblolly pine variesfrom siteto siteand also
reeionallvwithin the speciesrange.It might be feasibleto
harvestfrom predeterminedregionsfor solid wood products
with specific strengthandstiffnessrequirements.
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Appendix—References
Extensiveliteratureexistson theanatomicalcharacteristics
of juvenilewood and the effectsofjuvenilewood on wood
properties.This referencelist is confinedto the southern
pines,primarily to loblolly andslashpines.Numerousrefer-
encesto radiatapine,grown mainly in Australiaand New
Zealand,havealsobeenincludedbecauseof its closeresem-
blanceto the southernpinesandtheextensiveresearch
conductedon this species.Not all listedreferencesarecited
in the report.

Key Words
Species

Generaloverview

Wood characteristics
Ring width (includesring per inch and growth rate)

Ring age(includesgrowth ring agefrom pith, length of
juvenileperiod, andjuvenile—maturecomparisons)

Specificgravity (includeswood density,basicdensity,and
dry weightyields)

Uniformity (appliesto growth ring width and specific
gravity values)

Summerwoodpercentage

Springwoodvs. summerwood(Springwood—summerwood
comparisonof wood characteristics)

Tracheidlength

Tracheiddiameter(includesradialand tangentiallumen
diameter)

Wall thickness(refersto radial andtangentialtracheid
wall thickness)
Fibril angle(also microfibrillarangleandmicellarangle)

Positionin stem(refers to variation in woodcharacteristics

at differentstemheights)

Otherwood-relatedproperties

Branchiness(includesbranchsize,angle,and position)

Knots (includesassociatedknotwood)

Compressionwood (includesreactionwood)

Extractives(includespitch, resin,mineral deposits,and
lignification)

Heartwood

Spiral grain(includestwistedgrain)

Bark (bark thicknessand volume)

Treecharacteristics
Crown size (includescrown lengthandwidth andtree
height)

Foliageefficiency(includesneedlemass,netassimilation,
andcontributionof different-agedneedles)

Tree age(includesjuvenile comparedwith maturetrees)

Treediameter(includestreeclass— suppressedcompared
with dominant)

Stemform (twist, torsion,crook, sweep,etc.)

Stemtaper

Standcharacteristics

Standdensity(initial treespacingtrials as opposedto thin-
ning; includesstockingbasedon basalareaandtreesper
acre)

Site(site quality, site index,local environment)

Geographiclocation(includesclimatic differences)

Silvicultural modification
Thinning (includesreleasecutting)

Pruning(includespartial defoliation — naturalandartifi-
cial)

Fertilization

Irrigation

Drainage

Cultivation (postplantingdisking,weeding,mowing,other
thanfertilization)

Inheritance

Generalheredity

Provenancetests

Clonaltests

Progenytests

Heritability estimates

Parentalspecific gravity (evaluationor selectionfor trees
with high and low specific gravity or identification of
suchtrees)

Structuralproperties

Shrinkage(longitudinal, radial, tangential,andvolumetric)

Warp (includestwist,bow, andotherdistortions)

Brashness

Modulusof rupture(parallelandperpendicularto grain)

Modulusof elasticity(parallel andperpendicularto grain)

Compressivestrength(parallelandperpendicularto grain)
Tensilestrength(parallelandperpendicularto grain)

Shearstrength

Sawlog yield (refersalsoto lumberyield andsawtimber
quality)

Otherstructural(structuralmechanicalpropertiesother
than above)
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